The origins of plant disjunctions have been explained historically under three alternative evolutionary scenarios: parallel evolution, vicariance, and long-distance dispersal ( Humboldt, 1817 ; Darwin, 1859 ; Stebbins and Day, 1967 ; Cain et al., 2000 ; de Queiroz, 2005 ; Nathan, 2006 ; Alsos et al., 2007 ; Upchurch, 2008 ) . Parallel evolution was initially suggested as the most likely mechanism behind major disjunctions, such as bipolar ones ( Humboldt, 1817 ) . However, most authors have agreed that vicariance or long-distance dispersal rather than parallel evolution would be the most likely general mechanisms. Darwin (1859) considered long-distance dispersal as the most plausible explanation for the origin of major disjunctions. However, the vicariance hypothesis that emerged from cladistics and plate tectonics replaced long-distance dispersal hypotheses to explain major disjunctions ( Stebbins and Day, 1967 ; Axelrod, 1975 ; Mummenhoff et al., 2001 ; Davis et al., 2002 ; Beier et al., 2004 ) . Today, most studies invoke long-distance dispersal as the most frequent cause of major disjunctions ( van Steenis, 1962 ; Cain et al., 2000 ; Shaw et al., 2003 ; de Queiroz, 2005 ; Nathan, 2006 ; Alsos et al., 2007 ; Escudero et al., 2008b ; Guzm á n and Mart í n-Bravo et al., 2009 ). Some of these were based on molecular estimations of speciation timing.
The genus Carex (carices) has the greatest or one of the largest number of species among the nonagamospermic angiosperms, with around 2000 species distributed across all fl oristic regions of the world and a center of diversity in temperate countries of the northern hemisphere ( Reznicek, 1990 ) . Section Spirostachyae (subgenus Carex ; K ü kenthal, 1909 ), includes 38 species ( Escudero and Luce ñ o, 2009 ) , 11 considered in the subsection Spirostachyae ( Escudero and Luce ñ o, 2009 ) and traditionally included in sect. Spirostachyae ( Egorova, 1999 ) , and 27 in the subsection Elatae , 16 of which were traditionally considered as sect. Elatae ( K ü kenthal, 1909 ) and 11 as sect. Spirostachyae ( Egorova, 1999 ) . This section displays an interesting pattern of disjunction, with species occurring in Europe, the Mediterranean basin, Macaronesian Islands, west and central Asia, tropical Africa, Madagascar and the Mascarene Islands, South America, Tristan da Cunha archipelago and Gough Island, southern Africa and southeastern Australia (see Table 1 ). The center of diversity of subsection Spirostachyae is placed in the Mediterranean basin and Eurasian regions, while subsection Elatae does not show a clear center of diversity, with high diversifi cation in tropical Africa and the Mediterranean basin ( Table 1 ) . Surprisingly, although Allessio Leck and Sch ü tz (2005) found diverse mechanisms of dispersal in some Carex species (e.g., the infl ated utricles allowing for water dispersal, myrmecochores, or ectozoochory), no general special syndrome for long-distance dispersal mechanism has been described in Carex or in the sect. Spirostachyae species ( Allessio Leck and Sch ü tz, 2005 ) .
No general biogeographic pattern has ever been proposed for explaining the disjunctions of sect. Spirostachyae although long-distance dispersal has been suggested as an important process to explain some disjunctions of sect. Spirostachyae ( Escudero et al., 2008a ) . In contrast, a general biogeograpic hypothesis dating method; rather, all approaches have advantages and disadvantages (see Rutschmann [2006 ] for review). Estimating the timing of diversifi cation events provides a temporal context to reinterpret biogeographical reconstructions. Additionally, new algorithms have been developed to improve reconstructions of the evolutionary history of nonmolecular characters using molecular phylogeny. Three different approaches have been developed for ancestral character mapping and biogeographical inferences in phylogenetic reconstructions: (1) parsimony ( Ronquist, 1997 ; Maddison, 2003 , 2006 ) , (2) maximum likelihood ( Schluter et al., 1997 ; Ree et al., 2005 ; Maddison and Maddison, 2006 ; Ree and Smith, 2008 ) , and (3) Bayesian ( Bollback, 2006 ; Sanmart í n et al., 2008 ) . The mapping of ancestral distributions and its implementation in software designed for morphological character mapping have been criticized because species distributions are not expected to follow the same models as morphological characters do ( Ree et al., 2005 ) . Methods that assume dispersalist or center-of-origin mechanisms have been criticized by some authors who argue in favor of vicariance ( Humphries and Parenti, 1999 ) . During the last decade, specialized software programs for the reconstruction of geographical areas have been developed (DIVA: Ronquist, 1997 ; Lagrange: Ree et al., 2005 ; AreA: Smith, 2006) . Specifi c methods for ancestral range reconstruction and morphological character reconstruction were compared by Clark et al. (2008) . They concluded that the methods considering branch lengths (dispersal-extinction-cladogenesis and stochastic character mapping) yielded the most plausible hypotheses of reconstruction of area range histories.
In this study, we investigated ancestral distributions and times of diversifi cation in the widely and disjunctly distributed Carex sect. Spirostachyae to evaluate the two main biogeographical hypotheses: vicariance and long-distance dispersal. Particularly, we tested (1) the relict hypothesis related to ecological vicariance ( Cronk, 1992 ) and (2) the long-distance dispersal hypothesis ( Escudero et al., 2008a ) .
MATERIALS AND METHODS
Sampling -Times of diversifi cation of tribe Cariceae -The rbcL gene region was analyzed to estimate divergence times of the tribe Cariceae as well as for the four main lineages described in this tribe by Waterway and Starr (2007) . A total of 73 rbcL sequences from 73 species (six species of Juncaceae together with 65 species of Cyperaceae (of which 19 are from Cyperaceae-Cariceae) using two species of the Thurniaceae as outgroup) were gathered (termed here rbcL -Cariceae-times data set). Fifty-eight accessions (six of the Juncaceae, 50 of the Cyperaceae and two of the Thurniaceae) were gathered from GenBank based on the studies of Janssen and Bremer (2004) and Anderson and Janssen (2009) , and 15 new rbcL sequences from 15 species of the tribe Cariceae were obtained (Appendix 1). Total genomic DNA was extracted from silica-dried material and UPOS herbarium specimens, using the DNeasy Plant Mini Kit (Qiagen, Valencia, California, USA). Standard primers were used for the amplifi cation and sequencing of rbcL region (1F-724R, 636F-1460R; Savolainen et al., 2000 ) .
Times of diversifi cation of Carex sect. Spirostachyae -Two DNA regions were analyzed to estimate the divergence times of sect. Spirostachyae as a whole and the two main evolutionary lineages detected in Escudero et al. (2008a) , considered as subsections Spirostachyae and Elatae in Escudero and Luce ñ o (2009) . These were the internal transcribed spacer (ITS) region sequences of nuclear ribosomal DNA (nrDNA; Appendix 2) and the 5 ′ -trnK plastid intron (Appendix 3).
The ITS analysis included 48 sequences from 48 species (termed here ITS--Spirostachyae -times data set); 11 species from three of the four main clades of tribe Cariceae: Schoenoxiphium , unispicate Carex and Vignea clades ( Waterway was proposed by Cronk (1992) for the sect. Elatae , who considered that the species might have been abundant in subtropical and tropical African woodlands during the Tertiary age. Quaternary climatic changes may have induced sheltering in islands or mountains in tropical or subtropical areas and then created fragmented distributions (ecological vicariance).
Recently, age estimation methods that calculate divergence times by incorporating rate heterogeneity have been developed including nonparametric rate smoothing (NPRS; Sanderson, 1997 ) , semiparametric penalized likelihood (PL; Sanderson, 2002) and parametric methods (Thorne and Kishino, 2002; Drummond et al., 2006 ) . There is no single " best " molecular Egorova, 1999 ) to constrain the tribe Cariceae node (1 in Appendix S8). In the second step (sect. Spirostachyae estimation), divergence times estimated in the fi rst step were applied as calibrating points for estimating divergence times of sect. Spirostachyae and subsections Spirostachaye and Elatae . Standard deviation was used as uncertainty in these secondary calibration points. Estimations of sect. Spirostachyae were both conducted on the ITS and trnK reconstructions from ITS-Spirostachyae -times and trnK -Spirostachyaetimes matrices. Because of the topological differences retrieved in both phylogenetic reconstructions, different calibrating points were applied. Three calibrating points were used for the ITS estimations: origin of the tribe Cariceae (A in Fig. 1 ), divergence times between subgenera Carex and Vignea (B in Fig.  1 ) and the diversifi cation of subgenus Carex (C in Fig.1 ). Two calibrating points were used for the trnK estimations: origin of Cariceae (A in Fig. 2 ) and diversifi cation of subgenus Carex (B in Fig. 2 ) .
We evaluated rate heterogeneity among lineages by means of the Langley and Fitch (1974) test. The null hypothesis of molecular clock (constant rate) was rejected for rbcL -Cariceae-times, ITS-Spirostachyae -times and trnKSpirostachyae -times data sets. Therefore divergence times were estimated by applying a penalized likelihood method (PL; Sanderson, 2002 ) with the truncated Newton algorithm, as implemented in the rate-smoothing software r8s version 1.71 ( Sanderson, 2004 ) . We obtained the smoothing parameters for these analyses by a cross-validation procedure that involved pruning terminal branches and predicting the rate along that branch. We pruned the extra outgroup in the three analyses ( Thurnia in the rbcL -Cariceae-times data set, Eriophorum vaginatum in the ITS-Spirostachyae -times data set, and Cyperus alternifolius in the trnK -Spirostachyae -times data set) as recommended in the r8s manual. Penalized likelihood search parameters included fi ve initial and fi ve perturbed restarts. The best smoothing parameters resulting from the crossvalidation were 100 for rbcL -Cariceae-times, 3.2 for ITS-Spirostachyae -times and 3.2 for trnK-Spirostachyae -times data sets. Standard errors of divergence time estimates were obtained using a nonparametric bootstrap procedure ( Baldwin and Sanderson, 1998 ) , which involves the generation of 1000 resampled data matrices with the SEQBOOT software implemented in the program PHYLIP version 3.67 ( Felsenstein, 2007 ) . Relative divergence times were converted into absolute time units using calibration points (described earlier).
Biogeography of Carex sect. Spirostachyae -We used two basic statistical approaches to evaluate the two alternative biogeographical hypotheses for the evolution of sect. Spirostachyae : the Bayesian approach of character mapping implemented in the program SIMMAP version 1.0 (stochastic mapping method; Bollback, 2006 ) and a maximum likelihood (ML) approach for inferring ancestral areas implemented in the program AReA version 2.1 (dispersal-extinctioncladogenesis method; Ree et al., 2005 ; Smith, 2006 ) . The two approaches consider branch lengths of tree for biogeographical inference as as it is recommended by Clark et al. (2008) . AReA is similar to Lagrange ( Ree et al., 2005 ) but it is a more user-friendly interface that allows basic analyses (see Moore and Donoghue, 2007 ) .
The software SIMMAP was used to calculate the posterior probability (PP) of the ancestral distribution at each node. This software uses a Bayesian approach, generated by MCMC methods, to estimate both mapping and phylogenetic uncertainty . The codifi ed areas were reconstructed on the BI phylogeny using the last 10 000 postburnin ITS, trnK and combined reconstructions from BI analyses of ITS-Spirostachyae -biogeography, trnK -Spirostachyae -biogeography and combined-Spirostachyae -biogeography data sets. The ITS and trnK data sets of sect. Spirostachyae were incongruent (see Escudero and Luce ñ o, 2009 ) . The major incongruence is that the tropical African group is monophyletic in ITS phylogeny but polyphyletic in the trnK tree. Nevertheless, major groups and most clades are fully congruent in the phylogenetic reconstructions from the two regions. Accordingly, resolution and clade support were considerably lower in the individual ITS and trnK analysis compared to the combined (see results). The analyses of both individual and combined genes have been recommended, even when they are statically incongruent (review in O ' Graddy et al., 2002) . Therefore, we provide both separate and combined analyses. Nineteen, 20 and 23 nodes of ITS, trnK and combined reconstructions (see Figs. 3, 4 , online Appendix S9) were chosen to calculate the PP values of ancestral regions. Character states were treated as unordered. We always selected an equal prior on the bias parameters for the analysis because the distributions were not binary characters and this prior would not affect the results. However, we selected combinations of values of α , β , and κ for rate parameters in the prior distribution to check the infl uence of the and Starr, 2007 ) together with 35 species from the subgenus Carex clade ( Waterway and Starr, 2007 ) , 20 of which were from sect. Spirostachyae ( Escudero et al., 2008a ; Escudero and Luce ñ o, 2009 ), plus two species as outgroups ( Eriophorum vaginatum and Scirpus polystachyus ) (Appendix 2). Forty-six sequences were gathered from the GenBank, while two were sequenced for the current study (Appendix 2). Total genomic DNA was extracted from silicadried material, fresh tissue from cultivated plants and UPOS herbarium specimens, using the DNeasy Plant Mini Kit (Qiagen). Amplifi cation and sequencing were done following Escudero et al. (2008a) .
The trnK study included 42 sequences of 42 species (termed here trnKSpirostachyae -times data set); fi ve species from the Schoenoxiphium , unispicate Carex and Vignea clades ( Waterway and Starr, 2007 ) together with 35 species from the subgenus Carex clade ( Waterway and Starr, 2007 ) , 21 of which were from sect. Spirostachyae ( Escudero and Luce ñ o, 2009 ) and two species as outgroup ( Cyperus alternifolius and Schoenoplectus supinus ) (Appendix 3). Thirty-four accessions were gathered from GenBank (Appendix 3), while eight were sequenced for the current study (Appendix 3). Total genomic DNA was extracted from silica-dried material, fresh tissue from cultivated plants and UPOS herbarium specimens, using the DNeasy Plant Mini Kit (Qiagen). Amplifi cation and sequencing were done following Escudero and Luce ñ o (2009) .
Biogeography of Carex sect. Spirostachyae -For the ancestral distribution reconstructions, three matrices were compiled including the same samples: ITS (ITS-Spirostachyae -biogeography data set), trnK ( trnK -Spirostachyae -biogeography data set), and a combination of ITS and trnK (combined-Spirostachyae -biogeography data set). Forty-eight populations of 38 species from all lineages of sect. Spirostachyae detected in Escudero and Luce ñ o (2009) , with 13 populations of 11 species of subsection Spirostachyae and 35 populations of 27 species of subsection Elatae , two populations of two species of the sects. Ceratocystis and Sylvatica as a sister group ( Waterway and Starr, 2007 ) and two sequences of two species as outgroup (Appendix 4) were studied.
To overcome phylogenetic polytomy problems (see later), an extra data set (combined-Elatae -biogeography data set) for the reconstruction of ancestral distribution was analyzed including only 35 combined ITS and trnK accessions of subsection Elatae plus one accession of subsection Spirostachyae ( C. distans 1) (Appendix 4).
Analyses -Phylogenetic trees -The seven matrices, rbcL -Cariceae-times (Appendix S1, see Supplemental Data with online version of this article), ITSSpirostachyae -times (Appendix S2), trnK -Spirostachyae -times (Appendix S3), ITS-Spirostachyae -biogeography (Appendix S4), trnK -Spirostachyae -biogeography (Appendix S5), combined-Spirostachyae -biogeography (Appendix S6), and combined-Elatae -biogeography (Appendix S7), were aligned using Clustal_X ( Jeanmougin et al., 1998 ) and manually checked. The Akaike information criterion (AIC; Akaike, 1974 ) , as implemented in the program MrModeltest 1.1b ( Nylander, 2002 ) , was used for selecting the simplest model that best fi t the data for the seven matrices. Bayesian Markov chain Monte Carlo (MCMC) phylogenetic analyses ( Yang and Rannala, 1997 ) were performed under the selected models using the program MrBayes 3.0b4 ( Ronquist and Huelsenbeck, 2003 ) for six of the seven matrices (excluding combined-Elataebiogeography). Four MCMC runs were performed simultaneously in each Bayesian analysis for 5 000 000 generations with an interval of 100 generations. Trees yielded before the likelihood stationary distribution was reached were discarded and were checked by means of a likelihood values graph. The remaining trees were compiled in a majority rule consensus tree, using posterior probability (PP) as a measure of clade support ( Alfaro et al., 2003 ) .
Times of diversifi cation of tribe Cariceae and Carex sect. Spirostachyae -A two-stage approach was used for estimating divergence times. First, general estimations using rbcL reconstruction (from the rbcL -Cariceae-times matrix) were conducted in the tribe Cariceae (tribe Cariceae estimation), to estimate the divergence times of major internal lineages of this tribe. Second, these estimations within the tribe Cariceae were used for calibrating the divergence times in Carex sect. Spirostachyae (sect. Spirostachyae estimation) using ITS and trnK reconstructions (from the ITS-Spirostachyae -times and trnK -Spirostachyaetimes matrices).
In the fi rst step (tribe Cariceae estimation), the calibration was done using the molecular estimations obtained using the NPRS method by Janssen and Bremer (2004) and Anderson and Janssen (2009) for: the Cyperaceae-Juncaceae family pair divergence ages at 88 ± 16 million years ago (Mya) (A in online Appendix S8), as well as for the diversifi cation of Juncaceae (74 ± 16 Mya; B in Appendix S8) and Cyperaceae (76 ± 16 Mya; C in Appendix S8) (error esti-priors on the results, as recommended by Bollback (2006) (see online Appendices S10 -S12). The maximum number of character states allowed per character in SIMMAP is seven. Therefore, based on the species distribution in sect. Spirostachyae (see Table 1 ), we considered the following seven regions: (1) Europe, the Mediterranean basin and some temperate regions of Asia, (2) the Macaronesian Islands, (3) temperate South America, (4) the Tristan da Cunha archipelago and Gough Island, (5) southern Africa, (6) tropical Africa (including Madagascar and the Mascarene Islands), (7) and southeastern Australia. Unifi cation of Europe, the Mediterranean basin and some temperate regions of Asia did not affect the results since almost all species had their main distribution in the Mediterranean basin (see Table 1 ). The inclusion of Madagascar and Mascarene Islands in tropical Africa was based on the relatedness of the two island species ( C. boryana and C. borbonica ) with continental tropical African species, sometimes even considered as conspecifi c (see K ü kenthal, 1909 ) . For SIMMAP analyses, the areas were entered as single categories in the tips of trees. Carex extensa and C. punctata are from regions 1 and 2 (described before) and were only entered as region 1.
For the second basic approach, we used ML approach as implemented in the software AReA to infer ancestral ranges. Five parameters are required for this analysis: (1) an ultrametric phylogenetic tree with branch lengths; (2) a set area assigned to each tip branch; (3) divergence time of the root node; (4) probabilities of connections among regions and times in which the cited connection could be produced and (5) probabilities of lineage dispersal (from) and extinction (within) areas ( Ree et al., 2005 ) . By integrating this information, AReA was used to calculate fractional likelihoods of ancestral regions for each node of the tree. Only phylogenetic trees from the combined-Spirostachyae -biogeography and combined-Elatae -biogeography data sets were used because independent reconstructions from ITS-Spirostachyae -biogeography and trnK -Spirostachyae -biogeography data sets had large polytomies, for which implementation is not well resolved in this software. Nevertheless, trees from the combined-Spirostachyae biogeography and combined-Elatae -biogeography data sets showed some polytomies. Three subapproaches were designed to overcome the polytomy problems. In the fi rst, for the ancestral area reconstructions, we entered a chronogram of the phylogenetic reconstruction from the analysis of the combined-Spirostachyae -biogeography matrix. Some branch tips from tropical Africa ( C. mildbraediana , C. cyrtosaccus , C. mannii subsp. thomasii (1 and 2), C. petitiana (3), C. fi scheri (1 and 3), the Macaronesian endemisms ( C. perraudieriana , C. lowei , and C. hochstetteriana ) and the group from southern Africa and southeastern Australia ( C. clavata , C. aethiopica , and C. gunniana ) were pruned for this fi rst subapproach when we obtained the chronogram from the analysis with software r8s v. 1.71 ( Sanderson, 2004 , see later) . The criterion to prune these taxa was to remove the fewest taxa possible. We used combined ITS plus trnK estimations to obtain a tree divergence time of the root node using PL method in the rate-smoothing software r8s v. 1.71 ( Sanderson, 2004 ) following the procedure specifi ed before. We pruned the extra outgroup in the analyses ( C. rostrata ) as well as the tips previously indicated. The best smoothing parameter resulting from the cross-validation was 10. In the second subapproach, the conditions were identical to the fi rst one, but we did not prune any taxa. Alternatively, we used expanded majority rule consensus in the Consense function of Phylip v. 3.67 ( Felsenstein, 2007 ) to explore the most probable topology, although the PP values were lower than 50%. Based on this most probable topology, we modifi ed the chronogram from the r8s v. 1.71 analysis (as described), forcing the most probable topology and entering a branch length for the new nodes of 0. As a result, we obtained an identical chronogram (as we did not modify any branch lengths) but without polytomies. For the third subapproach, we used the combined-Elatae -biogeography matrix to construct chronogram trees based on ITS and trnK combined estimations, using the software BEAST version 1.4.8 ( Drummond and Rambaut, 2007 ) . The method was uncorrelated log-normal relaxed clock and the conditions were GTR+I+G evolutionary model (as was indicated by AIC in the previous MrModeltest analysis of this data set), Yule process speciation, normal prior distribution of the constrained node and 10 000 000 length of chain with one retained tree for each 1000 iterations. Twenty random trees were selected to run the ancestral area reconstruction analyses. For the three subapproaches, the same regions codifi ed in the SIMMAP analyses were used for the AReA reconstructions. The probability of connection between areas was proportional to the geographic distance. We entered a probability of 0.5 between the closest regions (Mediterranean basin, Europe, and some parts of Asia -Macaronesian Islands; Mediterranean basin, Europe, and some parts of Asia -tropical Africa; tropical Africa -southern Africa), and 0.01 (close to 0) between the most remote regions (southeastern Australia -Macaronesian Islands). We calculated the line slope based on these two connections to estimate the remaining connections among regions (see Table 2 ) . These values were used for connecting all Table   2 . Times of diversifi cation analyses -In the rbcL -Cariceaetimes analysis, the estimated divergence times for the split between subgenus Carex and subgenus Vignea seemed to be between the end of the Palaeocene and the beginning of the Oligocene (43 ± 12 Mya, Appendix S8). Similarly, the divergence of subgenus Carex appeared to occur during the Eocene and the beginning of the Oligocene (36 ± 12 Mya, Appendix S8). Divergence times estimated for Schoenoxiphium , unispicate Carex and Vignea clades were 37 ± 11 Mya, 44 ± 11 Mya and 29 ± 12 Mya, respectively (Appendix S8).
The ITS-Spirostachyae -times analysis placed the diversifi cation of the sect. Spirostachyae Oligocene (28 ± 3 Mya, Fig. 1 ). In this case, the divergence times for the diversifi cation of the two subsections appeared to be in the transition between the Oligocene and Miocene (24 ± 3 Mya and 24 ± 3 Mya; Fig. 1 ).
In the trnK -Spirostachyae -times analysis, the diversifi cation of sect. Spirostachyae appeared to occur between the end of the Eocene and the beginning of the Oligocene (31 ± 5 Mya; Fig. 2 ) ; while divergence times for the diversifi cation of the two subsections appeared to be between the end of the Oligocene and the beginning in the Miocene (subsection Spirostachyae : 21 ± 5 Mya and subsection Elatae : 20 ± 4 Mya; Fig. 2 ).
Biogeographical analyses -The Bayesian analysis with the software SIMMAP showed similar results when the prior values were set to be different and irrespective of the data set analyzed (online Appendices S10 -S12). The results were mostly congruent for the ancestral character reconstructions revealed by the analyses of ITS-Spirostachyae -biogeography ( Fig. 3 ) , trnK -Spirostachyae -biogeography ( Fig. 4 ) and the combinedSpirostachyae -biogeography (Appendix S9) data sets, although some remarkable incongruences were also found. In the three analyses, the ancestral area in the region Europe, Mediterranean basin and Asia of sect. Spirostachyae was placed with high probability, although for the trnK ancestral area reconstruction, the results were nonsignifi cant (0.996 -0.999 PP, node 17 in Appendix S10; 0.734 -0.870 PP, node 18 Appendix S11; 0.995 -0.999 PP, node 21 in Appendix S12). In the three analyses, the same overall region (Europe, Mediterranean basin, and Asia) was shown as the ancestral area for the subsection Spirostachyae , although for the trnK ancestral area reconstruction the results were clearly nonsignifi cant (0.950 -0.964 PP, node 16 in Appendix S10; 0.586 -0.631 PP, node 17 in Appendix S11; 0.895 -0.908 PP, node 20 in Appendix S12). The major incongruence of the three analyses is presented for the subsection Elatae because the ancestral area shown was Europe, Mediterranean basin, and Asia for the ITS (0.980 -0.995 PP, node 8 in Appendix S10) and combined (0.990 -0.999 PP, node 12 in Appendix S12) analyses, whereas the ancestral area for the trnK reconstruction was tropical Africa, although with nonsignificant results (0.868 -0.898 PP, node 13 in Appendix S11).
For the second basic approach (ML analysis with the software AReA), the best values for the reconstruction of ancestral areas were always obtained for λ D = 0.09 and λ E = 0.01 for the three subapproaches. These dispersal and extinction values generated the highest lnL (ln of likelihood) in the analyses. The results of reconstructions of the fi rst (Appendix S13), second the regions codifi ed in sect. Spirostachyae , with some exceptions as follows. First, for oceanic islands, two different probabilities were applied based on age of emergence; the more ancient island of Tristan da Cunha has been dated at 18 Mya ( Ollier, 1984 ) and the more ancient of the Macaronesian Islands at 20.6 Mya (see Vargas, 2007 ) . Before these dates, the applied probability of connection with these areas was 0. The second exception was made because of the increase of tropical forest during the Tertiary that enhanced connections between tropical Africa and Europe, Mediterranean basin and Asia and between tropical and southern Africa, so that the probability of connection applied was 1.0. The third exception affected the connection between southern Africa and Europe, Mediterranean basin and Asia, whose probability was considered as 0.5 until 6 Mya, because wet forest seemingly had persisted in Africa at least before and during the Miocene (see Cronk, 1992 ;  Table 2 
RESULTS
Phylogenetic analyses for times of diversifi cation analyses -The AIC retrieved different models of sequence evolution for the rbcL -Cariceae-times (GTR+I+G), ITS-Spirostachyaetimes (ITS-1: GTR+I+G; 5.8S region: K80+I; and ITS-2: GTR+G) and trnK -Spirostachyae -times (HKY+G). Therefore, character partitioning was performed in the ITS-Spirostachyaetimes matrix for the BI analyses. BI majority rule consensus trees were obtained from the analyses of rbcL -Cariceae-times (shown in online Appendix S8), ITS-Spirostachyae -times ( Fig. 1 ) and trnK-Spirostachyae -times ( Fig. 2 ) matrices. In the rbcL analysis, accessions of Juncaceae (1.00 PP, B in Appendix S8) and Cyperaceae (1.00 PP, C in Appendix S8) formed highly supported monophyletic groups. Within the Cyperaceae clade, accessions of tribe Cariceae formed a well-supported monophyletic group (0.96 PP, 1 in Appendix S8) as did the Schoenoxiphium (0.99 PP, 2 in Appendix S8) and subgenus Vignea (1.00 PP, 6 in Appendix S8) groups. Alternatively, the subgenus Carex formed a clade with moderate support (0.88 PP, 5 in Appendix S8); and the unispicate Carex group was poorly supported (0.66 PP, 4 in Appendix S8). In the ITS analysis, accessions of tribe Cariceae formed a well-supported monophyletic group (1.00 PP, Fig. 1 ), as well as the subgenera Carex (1.00 PP, Fig. 1 ) and Vignea (0.96 PP, Fig. 1 ) groups. Similarly, sect. Spirostachyae (1.00 PP, Fig. 1 ) and subsects. Spirostachyae (1.00 PP, Fig. 1 ) and Elatae (1.00 PP, Fig. 1 ) constituted wellsupported groups. Results from the trnK analysis revealed monophyly for tribe Cariceae (1.00 PP, Fig. 2 ) and subgenus Carex (1.00 PP, Fig. 2 ) as well as for sect. Spirostachyae (1.00 PP, Fig. 2 ) and its subsections (1.00 PP and 1.00 PP, Fig. 2 ).
Phylogenetic analyses for biogeographical analyses -The AIC retrieved different models of sequence evolution for the trnK -Spirostachyae -biogeography (GTR+G) and ITS-Spirostachyae -biogeography (ITS-1: HYK+G; 5.8S region: K80+I; and ITS-2: GTR+I+G). Therefore, character partitioning was performed in the ITS-Spirostachyae -biogeography and combined-Spirostachyae -biogeography matrices for the BI analyses. Bayesian inference majority rule consensus trees were obtained from the analyses of the ITS ( Fig. 3 ) , trnK ( Fig. 4 ) and combined ( Fig. 5 , Appendices S9, S13, S14) matrices. Monophyly of sect. Spirostachyae was highly supported in the ITS analysis (1.00 PP, Fig. 3 ), as well as in the trnK (1.00 PP, Fig. 4 ) and the combined (1.00 PP, Appendix S9) analyses. Two main lineages were retrieved in sect. Spirostachyae Fig. 3 . Majority rule consensus tree from the Bayesian analysis of the 52 ITS sequences of Carex species. Posterior probabilities and node number labels values are given above and below branches, respectively. The node number labels are indicated as in Appendix S10. Posterior probability from " No prior values of rate parameter prior distribution " SIMMAP analysis are shown on nodes (see Appendix S10) with colored labels: red for Macaronesian Islands, green for Europe, Mediterranean basin and some parts of Asia, pink for South America, yellow for Tristan da Cunha archipelago and Gough Island, blue for southern Africa, light blue for tropical Africa, and orange for southeastern Australia.
Our results for the Bayesian ancestral region reconstruction for subsection Elatae on trnK trees could support the EuroMediterranean -tropical African vicariance hypothesis because none of these areas gave signifi cant results (0.87 -0.90 PP for tropical Africa; 0.10 -0.13 PP for Europe and Mediterranean basin; node 13; Fig. 4 ). Therefore and according to Cronk ' s (1992) hypothesis, we propose that an ancient ancestor from the Mediterranean basin, Europe, or Asia (the ancestral area of sect. Spirostachyae ) colonized tropical Africa where a signifi cant diversifi cation took place (ancient radiation). Molecular divergence time estimates fi t with this hypothesis; the origin of this subsection seems to have occurred during the end of the Oligocene or beginning of the Miocene (ITS: 24 ± 3 Mya; trnK : 20 ± 4 Mya; Figs. 1, 2 ) . Tropical African species of subsection Elatae might have been abundant in African subtropical and tropical woodlands until the Late Pliocene when these habitats were extensive ( Cronk, 1992 ) . After this period, their habitats were reduced during the Pleistocene aridifi cation when a massive extinction could have affected many of these species. Other species may have been sheltered in islands or mountain ranges or adapted to the habitats (ecological vicariance) where they differentiated in separate areas, leading to the Euro-Mediterranean -tropical Africa -south African ecological disjunctions. Subsequently, the Old World has spawned new lineages through centrifugal colonization (dispersal from the center to periphery). Given the times of continent separation and lineage diversifi cation herein estimated, the colonization of South America, Tristan da Cunha and Gough Islands and Australia from the Old World may have occurred by long-distance dispersal (see next).
Long -distance dispersal and long isolation in the diversifi cation of subsect. Spirostachyae -Our results ( Figs. 3 -5 ; Appendices S9, S13) indicate the Mediterranean basin, Europe, and Asia as the most probable regions for placing the prime center of differentiation of subsection Spirostachyae, although Bayesian reconstructions from trnK ( Fig. 4 ) and combined (Appendix S9) data set showed no signifi cant and marginally signifi cant results, respectively. The existence of disjunct species such as C. tasmanica and C. blakei from southeastern Australia within this subsection could suggest vicariance as the cause of such distribution. The estimated times placed the origin of subsection Spirostachyae from the end of the Oligocene to the beginning of the Miocene (ITS: 24 ± 3 Mya; trnK : 23 ± 4 Mya; Figs. 1, 2 ). Therefore, these time estimates are incongruent with the vicariance hypothesis, as the Gondwanan breakup seems to have occurred between 160 and 30 Mya ( Upchurch, 2008 ) . Therefore, although the origin of subsection Spirostachyae seems to be ancient, long-distance dispersal is the most plausible explanation as was proposed by Escudero et al. (2008a) . Two alternative routes of dispersal could have been used: direct long-distance dispersal or " stepping stone " migrations across the Himalayas and the Indonesian archipelago ( Moore and Chater, 1971 ; Kadereit et al., 2005 ; Vollan et al., 2006 ) . In addition, it is interesting to note that the last researches indicate that the sect. Echinochlaenae ( K ü kenthal, 1909 ) , which is mostly distributed in the North Island of New Zealand, form a monophyletic group with the southeastern Australian species ( C. tasmanica , C. blakei ) of subsection Spirostachyae (M. Waterway, McGill University, Quebec, Canada, personal communication). Alternatively, all sources of data ( Figs. 3 -5 ; Appendices S9, S13) indicated that the same hypothesis (longdistance dispersal and prolonged isolation) is appropriate for C.
( Fig. 5 ; and see the most probable topology in Appendix S14) and third (results not shown) subapproaches were almost identical. The selected ancestral regions for the sect. Spirostachyae and subsects. Elatae and Spirostachyae , were Europe, the Mediterranean basin, and Asia ( Fig. 5 ; S13) . The results obtained were mostly congruent with the results obtained with the Bayesian ancestral reconstruction (described earlier).
DISCUSSION
The origins of plant disjunctions have been historically addressed under various evolutionary scenarios by biogeographers ( Humboldt, 1817 ; Darwin, 1859 ; Stebbins and Day, 1967 ; Cain et al., 2000 ; de Queiroz, 2005 ; Nathan, 2006 ; Alsos et al., 2007 ; Upchurch, 2008 ) . Carex sect. Spirostachyae (Cyperaceae) displays an interesting pattern of disjunction to evaluate these alternative scenarios, with species occurring in the main continental landmasses and in oceanic islands of the two hemispheres.
Centers of diversifi cation and origins of disjunctions -According to its center of diversity and all our reconstructions, sect. Spirostachyae might have originated somewhere within the Mediterranean -Eurasian region ( Figs. 3 -5 ; online Appendices S9, S13) between the end of the Eocene and the Oligocene (ITS: 28 ± 3 Mya; trnK : 31 ± 5 Mya; Figs. 1, 2 ) .
Ecological vicariance and centrifugal colonization in the diversifi cation of subsect. Elatae -The various species of subsection Elatae , as well as many different groups of plants, present the same distributional pattern across the African mountains. Despite their common distributional pattern, the species seem to have had different biogeographical origins. For example, recent radiations have been proposed for giant senecios ( Dendrosenecio ) with a possible tropical African or southern African origin ( Knox and Palmer, 1995a , b ) and for giant lobelias ( Lobelia ) with its origin in Asia and the Pacifi c islands ( Knox and Palmer, 1998 ) . Koch et al. (2006) and Assefa et al. (2007) proposed two independent migrations from Asia Minor to east African high mountains for Arabis alpina (Brassicaceae). A single ancient dispersal seems to be the origin of the disjunction of Eurasian vs. African Alchemilla species but in this case, the dispersal direction remains unknown ( Gehrke et al., 2008 ) .
Regarding subsection Elatae with no clear center of diversity, Europe and the Mediterranean basin appear to be the most likely regions for the ancestral area of its current diversity when we consider ITS and combined reconstructions ( Figs. 3, 5 ; Appendices S9, S13). However, the trnK reconstruction indicated tropical Africa to be the most plausible ancestral area, although with nonsignifi cant results ( Fig. 4 ) . In any case, these two regions have the most species richness and largest geographic areas (10 species in tropical Africa; eight species in Europe and the Mediterranean basin). Disparate results in the reconstructed ancestral distribution could have been caused by incongruent data sets due to ancient hybridization or lineage sorting of sect. Spirostachyae species ( Escudero and Luce ñ o, 2009 ) . Recent hybridization seems improbable because individuals that morphologically appear to be of hybrid origin were not included in the current study, as recommended by Clark et al. (2008) . Moreover, recent hybridization would entail present gene fl ow between European and tropical African taxa, which is unlikely. Fig. 4 . Majority rule consensus tree from Bayesian analysis of the 52 trnK sequences of Carex species. Posterior probabilities and node number labels values are given above and below branches, respectively. The node number labels are indicated as in Appendix S11. Posterior probability from " No prior values of rate parameter prior distribution " SIMMAP analysis are shown on nodes (see Appendix S11) with colored labels: red for Macaronesian Islands, green for Europe, Mediterranean basin and some parts of Asia, pink for South America, yellow for Tristan da Cunha archipelago and Gough Island, blue for southern Africa, light blue for tropical Africa, and orange for southeastern Australia. clear colonization pattern is provided by our data because we cannot narrow down between one or two independent colonizations of these paleoendemisms. Otherwise, C. extensa and C. punctata , widespread in the Old World northern hemisphere, seem to be the result of two independent recent Macaronesian colonizations ( Figs. 3 -5 ; Appendices S9, S13).
Final remarks -Contrary to the long-standing confrontation of vicariance vs. long-distance dispersal to explain large plant disjunctions, both hypotheses seem to be plausible depending on each particular case. A clear example is that both hypotheses can be supported for the evolution of sect. Spirostachyae. Nevertheless, the scarcity of reliable fossils together with the lack of molecular rate estimates of close relatives of sect Spirostachyae , lead us to interpret time estimations with caution. Alternatively, some pitfalls of current methodologies should be considered if we are to propose an accurate interpretation of biogeographical results obtained from a phylogenetic framework. For example, the role of higher or lower dispersability (i.e., geodispersal), extinction or sampling errors (see Upchurch, 2008 ) did not provide reliably estimated reconstruction results.
The often disjunct distribution of closely related Carex species, or even of populations of the same species, has attracted the attention of botanists ( Moore and Chater, 1971 ; Ball, 1990 ) . In this way, Carex seems to have special colonization abilities, which result in disjunct distributions: thus 20% (6/30) of the extant bipolar angiosperm species (see Moore and Chater, 1971 ; Escudero et al., in press ) belong to this genus. These disjunct distributions could be understood if special long-distance dispersal mechanisms to colonize far regions are present in each disjunct Carex species or species group. Some specifi c dispersal syndromes have been described in Carex (Alessio Leck and Sch ü tz, 2005), although no general or specifi c dispersal mechanisms have been described to explain all disjunct distributions in genus Carex . Section Spirostachyae , judging from its present distribution, shows special colonization abilities, which result in disjunct distribution. Nevertheless, no special fruit dispersal mechanisms have been described for this plant group. This particular colonization ability together with the unusual and rapid chromosomal evolution of Carex ( Hipp, 2007 ) could explain the cosmopolitan distribution of this genus and its high species diversifi cation around the world (2000 spp.; Reznicek, 1990 ) . Future studies to elucidate the chromosome evolution and unobvious long-distance dispersal mechanisms would be of interest to address how both factors might -at least in part -explain the remarkable diversifi cation of Carex . burchelliana in the C. distans group, which is also congruent with the hypothesis of Escudero et al. (2008a) . In the case of C. burchelliana , we reject vicariance across tropical forest bridges in volcanic mountains because species in the C. distans group require basic soils ( Escudero et al., 2008a ) and no other congener of subsection Spirostachyae occurs in tropical Africa. Likewise, a common ancestor placed in the Mediterranean basin and Europe may have been the origin for the three currently disjunct species, C. ecklonii from southern Africa, C. vixdentata from South America, and C. extensa from Europe and the Mediterranean basin. This hypothesis, which was only supported by analysis from combined data set ( Fig. 5 ; Appendices S9, S13), would imply one or two colonization events from the northern to the southern hemisphere. Reconstructions from individual gene data set ( Figs. 3, 4 ) were consistent with this hypothesis, although they did not yield signifi cant results. Two possible northern-to-southern hemisphere connections have already been postulated for other plant groups: from northern hemisphere Old World to southern hemisphere Old World ( Blattner, 2006 ) , and from northern hemisphere Old World to southern hemisphere New World ( Tremetsberger et al., 2004 ) .
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Colonization of Atlantic islands -The most striking cases from a biogeographic point of view in the sect. Spirostachyae is the disjunctions in C. punctata group ( C. punctata (Mediterranean basin, Europe, and western Asia), C. fuscula (Chile and Argentina), C. catharinensis (southeast Brazil), and C. thouarsii (Tristan da Cunha archipelago and Gough Island). The most plausible explanation would be an ancestral species in Europe, the Mediterranean basin, and western Asia that might have reached South America by long-distance dispersal followed by diversifi cation ( Escudero et al., 2008a ) . Afterward, the Brazilian lineage could have reached the Atlantic islands through recent long-distance dispersal ( Figs. 3 -5 ; Appendices S9, S13). As far as we know, no similar pattern of colonization has been previously described in angiosperms. Nevertheless, long-distance dispersal from Africa to Tristan da Cunha archipelago has been proposed already ( Anderson et al., 2001 ; Richardson et al., 2003 ) . Our hypothesis was clearly supported by reconstructions from ITS and combined data sets ( Figs. 3, 5 ; Appendices S9, S13; but see the reconstruction based on trnK sequences, Fig. 4 ) .
A single colonization by an ancestor into the Macaronesian Islands and subsequent diversifi cation is the most common pattern ( Vargas, 2007 ) . When multiple independent colonizations provide the origin of the same group of plants, the resulting Macaronesian endemic congeners from each colonization event are distantly related ( Carine et al., 2004 ) . Independent colonization of distantly related lineages suggests the presence of two types of Macaronesian endemisms: paleoendemisms traced back to the Tertiary fl ora and neoendemisms of recent origin ( Juan et al., 2000 ; Vargas, 2007 ) . The observed distributional pattern of tropical African species of subsection Elatae, mainly occurring isolated in islands and mountains, led Cronk (1992) to propose a relict hypothesis for this section. This author suggested that species of sect. Elatae were widespread in subtropical and tropical African forests until the Late Pliocene. During the Pleistocene aridifi cation, most species may have become extinct or restricted to humid places such as islands or mountains. The three Macaronesian endemisms of subsection Elatae seem to fi t with the relict hypothesis ( Cronk, 1992 ) , explaining their isolated position in the Spirostachyae phylogeny ( Figs. 3 -5 ; Appendix S9; Escudero et al., 2008a ) . Nevertheless, no
